ABSTRACT -Methamphetamine (METH) is a powerful and toxic psychostimulant that is abused worldwide. Although many studies of its toxic functions have been done on animals and humans, the mechanism is still poorly understood. In addition, the doses of METH examined have often been low. Here, we investigated the effects of intoxication due to administration of 20 mg/kg METH on neuronal activity. The mice showed hyperthermia and stereotyped behavior during 60 min after injection. We examined plasma stress hormone levels, which indicated that exposure to METH stimulated the hypothalamic-pituitary-adrenal (HPA) axis and caused release of stress hormones soon after injection. The maximum levels of adrenocorticotropic hormone and corticosterone occurred 10 and 60 min, respectively, after injection. We examined c-Fos protein in 16 different brain regions at 60 min post injection to identify potential brain regions subject to the stimulant effect. Nine regions, including the anterior hypothalamic area, medial preoptic area, lateral hypothalamic area, paraventricular thalamic nucleus, lateral anterior increase in c-Fos expression, while the other seven regions did not. These results indicate that responsive neurons in the regions containing c-Fos immunoreactivity (Fos-IR) may undergo cellular reaction to highdose METH administration. The present study provides support for a relationship among hyperthermia, the HPA axis and neuronal activities in limited brain regions on exposure to 20 mg/kg METH.
INTRODUCTION
Methamphetamine (METH) possesses high potential for abuse and addiction, and METH use has become a serious social problem worldwide (Maxwell and Rutkowski, 2008; Karila et al., 2010) . METH has powerful effects on the central and sympathetic nervous systems and affects neurochemical mechanisms. However, the exact role of METH toxicity has not been clearly established. There is no correlation between blood METH levels and outcome (Pilgrim et al., 2009) . METH induces hyperthermia in the body core as well as the brain. Although interpretation of changes in body temperature is complicated (McGivern et al., 2009; Zhang et al., 2009) , hyperthermia due to METH intake is often observed in cadavers (Kojima et al., 1984) , which may be the primary cause of death (Ishigami et al., 2003) . Plasma corticosterone (CORT) levels is elevated after METH exposure (Szumlinski et al., 2001; Fujimoto et al., 2007; Herring et al., 2008) . Reaction to METH-induced toxicity often appears to parallel adaptation to the increase in CORT. Yoshida et al. (2012) reported that the glucocorticoid receptor may be involved in the hyperthermia induced by METH. On the other hand, the depletion of striatal dopamine (DA) that can occur after METH administration has been linked to METH-induced neurotoxicity and hyperthermia (Levi et al., 2012; Kikuchi-Utsumi et al., 2013) . However, the roles of DA in METH neurotoxicity may depend on ambi-ent temperature: higher ambient temperatures enhance METH neurotoxicity, while lower temperatures afford complete neuroprotection (Bowyer et al., 1993; Ali et al., 1996) .
Acute METH exposure dose-dependently produced an increase in expression of c-Fos protein in a wide area of the brain including the nucleus accumbens and striatum (Umino et al., 1995; Nakajima et al., 2004; Zombeck et al., 2010) . However, these c-Fos mapping studies focused mainly on intoxication by a low dose (up to 5 mg/kg) of METH and/or repeated injection. Although hyperthermia occurs by injection of METH regardless of the dosage, there are remarkable differences in behavioral abnormality between low and high doses. Acute METH treatment in rodents causes an increase in locomotor activity at low doses, while stereotyped behavior occurs at high doses. Thiriet et al. (2001) reported that a single injection of high dose of METH, 40 mg/kg, increased c-fos mRNA expression within 30 min in selective brain areas, which correlated with an alteration in monoamines. However, other investigators described that 24% of mice treated with 45 mg/kg METH died (Numachi et al., 2007) .
The aim of this study was to identify brain regions that become activated when mice show both hyperthermia and stereotyped behavior by high dose of METH. We assessed neuroanatomical (as indexed by Fos-IR) and neuroendocrinological (as indexed by plasma hormone levels) changes due to injection of 20 mg/kg METH and compared the results with other data available from the literature. The results provide further support for the hypothesis that a high dose of METH drives a functional interplay between neuronal activity and blood hormone levels.
MATERIALS AND METHODS

Chemicals
Methamphetamine (METH) was purchased from Dainippon Sumitomo Pharma Co., Ltd. (Osaka, Japan). The drug was dissolved in 0.9% saline just before use. The c-Fos antibody was purchased from Calbiochem (Darmstadt, Germany). The chemicals used and other solutions were all of analytical grade.
Animals
Male C57BL/6J mice (weighing approx. 22-25 g) were obtained from CLEA Japan, Inc. (Tokyo, Japan). Three to four mice were housed per polycarbonate cage and maintained in a controlled environment at 23 ± 1°C and a 12-hr light/dark cycle. The mice had free access to commercial rodent mouse feed (MF) pellets (Oriental Yeast, Tokyo, Japan) and tap water. All experiments were approved by the Animal Research Committee of the Kawasaki Medical School, Japan, and conducted according to the "Guide for the Care and Use of Laboratory Animals" established by the Kawasaki Medical School, Japan.
Body temperature and plasma hormone assay
Methamphetamine or saline solution was injected intraperitoneally. As Numachi et al. (2007) reported that deaths occurred at 5 and 24% by 15 and 45 mg/kg METH, respectively, we injected METH at 20 mg/kg. With this dose, no animals died in our experiment. Body temperature was measured at 60 min after injection of METH with a rectal probe coupled to a thermometer (BAT-7001H, Bio-Research Center, Tokyo, Japan). The probe was inserted in the rectum until a stable rectal temperature had been obtained. Plasma samples for hormone assay were obtained at 10, 60, and 120 min after injection each mouse was habituated to a small box (18 x 18 x 20 cm) -rane, which immediately anesthetized him. Then each 0.6 ml) from the heart into iced tubes containing EDTA.
obtain basal levels of each hormone. Plasma was separated by centrifugation and stored at -80°C until assay. Due to diurnal variations in hormone secretions, experiments were conducted between 1330 hr and 1530 hr. Plasma CORT levels were measured using a commercial ELISA kit (Yanaihara, Shizuoka, Japan) according to the manufacturer's instructions. Plasma ACTH levels were determined using a commercially available ACTH ELISA Kit (MD Bioproducts, Zurich, Switzerland) following the protocol provided by the supplier.
c-Fos protein immunocytochemistry
One hour after METH injection (20 mg/kg), mice were deeply anesthetized with sodium pentobarbital (70 mg/kg) and transcardially perfused with 0.1 M phosphate-buffered saline (PBS; pH 7.4), followed by 4% phosphate-buffered paraformaldehyde. Subsequently, the -essed through graded ethanols and xylol and embedded --tome. Objective coronal sections were prepared according to the mouse brain atlas (Franklin and Paxinos, 2007) . stained with hematoxylin and eosin (H&E). After depar- Vol. 38 No. 5 buffer (pH 6.0) for 15 min to retrieve antigens, followed by incubation in PBS containing 0.3% Triton X-100 for 60 min. Endogenous peroxidase activity was blocked by incubation in 0.3% hydrogen peroxide for 30 min. The sections were incubated for 10 min in PBS containing 1% bovine serum albumin (BSA) and then incubated with the anti-c-Fos antibody (1:10,000, rabbit polyclonal antibody; Calbiochem) overnight at 4°C. The sections were incubated with a biotinylated second antibody for 30 min, followed by incubation with an avidin-biotin-peroxidase complex (ABC) according to the supplier's recommendations (Vectastain Elite ABC kit; Vector Laboratories, Burlingame, CA, USA). Finally, the c-Fos immunoreactivity (Fos-IR) was visualized by using a solution of 3,3-diaminobenzidine and H 2 O 2 .
The Fos-IR neurons were counted manually using an ocular objective with a grid overlay system. The opticounted (between 2 and 5) were determined by the size and density of the particular Fos-IR clusters of neurons (Table 1) . Fos-IR cells were counted by an independent observer blind to the treatment, and the mean of the leftand right-side counts was used as the value for a single animal.
Brain regions examined
We selected 16 brain regions: the lateral septal nucleus, ventral part (LSV), anterior hypothalamic area (AHA), medial preoptic area (MPA), paraventricular thalamic nucleus (PVT), lateral anterior hypothalamic nucleus (LAH), lateral hypothalamic area (LHA), posterior hypothalamic area (PHA), paraventricular hypothalamic nucleus (PVH), dorsal hypothalamic area (DHA), and dorsomedial hypothalamic nucleus (DMH), striatum (Str), nucleus accumbens (NAcc), anterior amygdaloid area (AA), and hippocampal regions (CA1, CA3, and dentate gyrus). Fig. 1 shows these regions of interest in the brain.
Statistical analyses
We analyzed the results by Student's t test to compare the numbers of Fos-IR nuclei in each brain region between the two groups. A one-way ANOVA, followed by a post-hoc Tukey test, using group as a factor, was used for statistical evaluation of time-dependent hormone levels.
RESULTS AND DISCUSSION
A single injection of 20 mg/kg METH showed an increase in body core temperature as well as stereotyped behavior during the period 30-120 min after injection (data not shown), which were essentially similar to those of other investigators (Numachi et al., 2007; Seminerio et al., 2012) . We assessed the time course of changes in the plasma stress hormone, ACTH and CORT, levels (Fig. 2 ).
ly at 10 min after METH injection, followed by a decline, the initial concentrations, probably due to feedback inhibition (Evanson et al., 2010) . On the other hand, CORT concentrations were significantly increased at 60 min after METH injection, followed by a gradual decrease to basal levels. The levels of both hormones showed no change after saline injection. The levels of corticotropinreleasing hormone (CRH) did not differ from the baseline level at our experimental time points (data not shown), which indicate that the increase may occur at more early time after exposure. These results suggest that exposure to METH (20 mg/kg) stimulated the HPA axis and caused release of stress hormones, followed by feedback inhibitions. Thus, hyperthermia and an increase in stress hormones occurred by a single injection of 20 mg/kg METH as shown by low dose of METH. As c-fos mRNA expression showed a peak at 30 min after METH injection (Thiriet et al., 2001) , we focused on the Fos protein expression at 60 min after the exposure. Neuronal activity was assessed by Fos-immunoreactivity (Fos-IR) staining, shown as a brown deposit in the cell nucleus after 20 mg/kg METH injection. Fig. 3 shows representative photomicrographs of Fos-IR staining in the LSV, MPA, and PVT. The results of Fos-IR staining obtained in the 16 regions examined are shown in Fig. 4 . In our study, Fos-IR in the AHA as well as the MPA was significantly increased by METH injection. (Nakamura, 2011) , and the MPA-AHA contain temperature-sensitive and -insensitive neurons that form synaptic networks to partially control thermoregulatory responses (Boulant, 2000) . We observed no effect on the Fos-IR in the PVH, which contains nuclei associated with the HPA axis (Otake et al., 2002) . These results suggest that the activity in the PVH neurons occurs earlier than 60 min after METH injection, which was in accordance with no increase in CRH levels at 60 min. Although some populations of neurons in the preoptic area directly innervate the DMH (Zaretskaia et al region was not observed in our study, probably because of large individual differences among animals. Fos-IR in the the LHA is involved in several aspects of autonomic regulation, including thermoregulation and energy expenditure (Cerri and Morrison, 2005) . Disruption of the axonpostulated to be responsible for the temperature increase (Rau and Grijalva, 2004) . Fos-IR patterns in the PHA depend on the ambient temperature: the number of positive neurons was increased by exposure to ambient cold but not to ambient warmth (Kiyohara et al., 1995) . In our study, the PHA showed no change. Taken together, our findings indicated that the MPA and limited hypothalamic and thalamic neurons (PVT, AHA, LAH, and LHA) were involved in high-dose METH intoxication, while other neurons in the hypothalamic area (PVH, PHA, DHA) were not. In addition, the LSV, an integrative center for autonomic, neuroendocrine, and behavioral responses (Bachtell et al., 2003) , showed a agreement with earlier work (Kiyohara et al., 1995) . Other investigators using the Fos-IR index previously identi--frontal cortex due to low-dose METH injection (Umino et al., 1995; Lee et al., 2000; Nakajima et al., 2004; Rhodes et al., 2005; Zombeck et al., 2010) , which was similar to our results obtained by 20 mg/kg METH. Although Tani et al. (2001) reported that the dentate granule (DG) cells regulated behavioral changes associated with 2 mg/kg METH injection, our results showed no increase in Fos-IR in the DG region. On the other hand, a single high dose of METH, 40 mg/kg, produced an increase in c-fos RNA in the frontal cortex, NAcc, Str (caudate putamen), septum, and CA1, CA3, but not DG region of the hippocampus within 30 min after injection (Thiriet et al., 2001) . They also examined a dose-dependent increase in c-fos RNA expression, showing that above 10 mg/kg METH increased the expression in the NAcc, Str and frontal cor--cant increase in Fos-IR in the NAcc, Str, septum, but not in the CA1, CA3, and DG region of the hippocampus. The discrepancy at the CA1 and CA3 region of the hippocampus may, in part, be due to differences in the doses
In conclusion, we investigated METH intoxication after injection of 20 mg/kg. The mice showed hyperthermia and stereotyped behavior during 60 min after injection. Exposure to METH increased plasma stress hormone levels, and the maximum levels were 10 and 60 min for ACTH and CORT, respectively. We examined neuronal activity at 60 min after METH administration by the -the HPA axis and increases in ACTH and CORT plasma levels. These results lay the groundwork for future work to identify the neuronal circuits selectively involved in intoxication of neural cells caused by high-dose METH.
